All gene expression microarray files are available from the GEO database (accession number(s) GSE75692 and GSE75433).

Introduction {#sec001}
============

It is not clear why evolutionary processes selected for two distinct thyroid hormone (TH) receptor encoding genes. Major products of the THRA and THRB genes, TRα1 and TRβ1, are highly homologous ligand-dependent nuclear transcription factors (TFs) that partner with retinoid X receptors (RXRs) to regulate TH-dependent developmental decisions, metabolic homeostasis and other processes \[[@pone.0164407.ref001],[@pone.0164407.ref002]\]. In both cases, unliganded receptor occupies specific TH response elements (TREs) and the active form of TH (triiodothyronine, T3) triggers exchange of receptor-associated coregulators and alters expression of TR target genes \[[@pone.0164407.ref003]--[@pone.0164407.ref005]\]. Analysis of TR knockout mice and humans and mouse models with TR mutations that cause TH resistance (RTH) reveals that TRs α and β regulate distinct physiological processes \[[@pone.0164407.ref006]--[@pone.0164407.ref008]\]. For example, TRβ1 acts in liver to regulate hepatic cholesterol and bile acid metabolism whereas TRα1 plays unique roles in regulation of heart rate, muscle physiology and bone development \[[@pone.0164407.ref009],[@pone.0164407.ref010]\] and the two TRs also play distinct roles in cancer \[[@pone.0164407.ref011]--[@pone.0164407.ref013]\]. These TR subtype-specific effects, however, often correlate with TRα/TRβ ratios in individual cell types \[[@pone.0164407.ref009]\]. Further, dissection of TRα1 and TRβ1 action in cultured cells has only revealed moderate differences in transactivation and transrepression, homodimerization and DNA binding properties \[[@pone.0164407.ref014]--[@pone.0164407.ref016]\] and TRα1 and TRβ1 mostly regulate the same genes in native liver \[[@pone.0164407.ref017]\] and homologous cell types that express exogenous TRs \[[@pone.0164407.ref018]--[@pone.0164407.ref020]\]. Thus, differential effects of TRα1 and TRβ1 can be attributed to tissue/developmental stage-specific variations in TR expression but possible contributions of fundamental differences in TR subtype specific gene-regulatory properties are unclear \[[@pone.0164407.ref009],[@pone.0164407.ref021]\].

Unliganded TRs are physiologically important \[[@pone.0164407.ref022],[@pone.0164407.ref023]\] and display subtype-specific actions *in vivo* \[[@pone.0164407.ref024]\]. TRs are expressed before the onset of TH synthesis in frogs and mammals, implying hormone independent function \[[@pone.0164407.ref023],[@pone.0164407.ref025],[@pone.0164407.ref026]\], and unopposed actions of unliganded TRs in hypothyroidism and RTH results in deleterious effects on development, cancer incidence and metabolic response that are distinct from TR knockout \[[@pone.0164407.ref027]\]. Interestingly, TRα1, but not TRβ1, prevents precocious Xenopus metamorphosis \[[@pone.0164407.ref028]\]. Further, mice with defective PAX8, which regulates thyroid follicular cell genesis, exhibit congenital hypothyroidism and severe developmental defects which are selectively rescued by TRα1 knockout \[[@pone.0164407.ref027],[@pone.0164407.ref029],[@pone.0164407.ref030]\]. Again, the extent to which unliganded TR subtype selective effects are explained by differential TR expression or differences in TR mechanism is unclear.

THRA and THRB genes produce distinct spectrums of splice variant transcripts that encode TRs with unique functions \[[@pone.0164407.ref031],[@pone.0164407.ref032]\]. TRβ2, a T3-binding TRβ splice variant that is expressed in a small subset of tissues, including pituitary and hypothalamus, is involved in regulation of the hypothalamic-pituitary-thyroid axis. The THRA gene encodes a major non-hormone binding TRα splice variant with a unique C-terminus (TRα2). TRα2 heterodimerizes with hormone binding forms of both TRs and exerts weak antagonistic effects on TH responses \[[@pone.0164407.ref031]\] and acts as phosphorylation-dependent single stranded RNA binding protein \[[@pone.0164407.ref033]\]. Currently, however, physiological significance of TRα2 is not clear.

THs and TRs can also act via non-genomic pathways, which are independent of intranuclear formation of T3-liganded or unliganded TR/chromatin complexes (reviewed in \[[@pone.0164407.ref034]\]). Some non-genomic TH-dependent effects are mediated by alternative TH-binding proteins, notably integrin αvβ3. However, TRα and certain transcriptionally inactive TRα splice variants, TRβ1 and TRβ1 RTH mutants have variously been implicated in regulation of mitochondrial activity, activation or modulation of second messenger cascades in different cell types and maintenance of actin cytoskeleton. Accordingly, TRs adopts a variety of extranuclear locations, including the mitochondrion, the inner surface of the cell membrane and throughout the cytoplasmic compartment.

While there is little evidence for large scale differences in TR subtype gene regulatory effects, there are reasons to suspect that TRs will prove to display different mechanisms of action *in vivo* \[[@pone.0164407.ref035]\]. Even though TRα1 and TRβ1 regulate similar gene sets in native liver and cultured cell types, there are TR subtype/gene-specific variations in responses to T3 and to unliganded TRs in these cells \[[@pone.0164407.ref003],[@pone.0164407.ref018]--[@pone.0164407.ref020],[@pone.0164407.ref036]\] and TRs even act in completely hormone-independent fashion at small subsets of genes in HepG2 and HeLa cells \[[@pone.0164407.ref018],[@pone.0164407.ref019]\]. Moreover, ChiPseq studies reveal that TRα1 and TRβ1 sometimes occupy distinct chromatin regions \[[@pone.0164407.ref020]\]; while it has not yet been possible to link these TR binding events directly to subtype-specific genes \[[@pone.0164407.ref020]\], this finding suggests that TRs could influence distinct genes from distinct sites. Further, TRβ2 plays a central role in negative regulation of TH stimulating hormone (TSH) in cultured pituitary cells, even though TRα1 is present in the same cells and can subsume TRβ2 function after TRβ2 knockdown (KD) \[[@pone.0164407.ref037]\]. Finally, TR subtype specificity can emerge within the context of non-canonical TR actions \[[@pone.0164407.ref038],[@pone.0164407.ref039]\].

Human adipose-derived stem cells (hADSC) are slow dividing multipotent adult stem cells that differentiate into a variety of TH-responsive cell types, including adipocytes, chondrocytes and osteocytes \[[@pone.0164407.ref040]--[@pone.0164407.ref043]\]. ADSC display low immunogenicity and no tumorigenicity and, unlike embryonic stem cells (ESC), there are few ethical concerns about use in humans. Thus, hADSC are potentially useful in cell-based therapies, tissue engineering and disease modeling. In this study, we set out to define TFs expressed in ADSC that may be important for multipotent phenotype. TRα predominates in hADSC, but not hADSC-derived differentiated cells, similar to our findings that TRα predominates in human ESC and induced pluripotent stem cells (iPSC) whereas TRβ transcripts are upregulated in mature iPSC-derived hepatocytes \[[@pone.0164407.ref044]\]. We find that both TRs are predominantly cytoplasmic and highly active in the absence of exogenous hormone in hADSC and that they influence cell division and hundreds of genes in a strongly TR subtype specific fashion. We suggest that prominent differences between TR subtypes can emerge in the context of unusual non-genomic actions and that unliganded TRs may function in similar ways in adult stem cells *in vivo*.

Materials and Methods {#sec002}
=====================

Reagents {#sec003}
--------

Triiodothyronine (T3) was obtained from Sigma-Aldrich (Milwaukee, WI).

Cell Culture {#sec004}
------------

Human Adipose-Derived Stem Cells (ADSC) were purchased from Invitrogen (Invitrogen, Grand Island, NY, Cat. No. R7788115) and ZenBio (ZenBio Inc, Research Triangle Park, NC, Cat. No. ASC-F). All donors were non-diabetic females. Cells were maintained in Complete MesenPRO RS^™^ Medium (Invitrogen). Chondrogenesis was induced using STEMPRO^®^ Chondrogenesis Differentiation Kit according to manufacturer's protocol (Invitrogen). After 21 days, cells were fixed, stained with Alcian Blue for proteoglycan content and phase contrast images were taken using an Olympus Ix81 microscope. Osteogenesis was induced using the STEMPRO^®^ Osteogenesis Differentiation Kit (Invitrogen) for 21 days and assessed using Alizarin Red staining to visualize calcium depositions in extracellular matrix. Adipogenesis was induced with STEMPRO^®^ Adipogenesis Differentiation Kit (Invitrogen) for 14 days and assessed using Oil-Red-O staining. Images were acquired at 4x and 10x magnification (Olympus Ix81 microscope).

RNA Isolation {#sec005}
-------------

Following treatments indicated in figure legends, total RNA was prepared using Aurum Total RNA kit (Bio-Rad, Hercules, CA). Reverse transcription reactions were performed using 1 μg of total RNA with an iScript cDNA Synthesis kit (Bio-Rad).

Microarray Analysis {#sec006}
-------------------

Human HT-12_v4 whole genome expression arrays were obtained from Illumina (Illumina, San Diego, CA). cRNA synthesis and labeling were performed as described \[[@pone.0164407.ref044]\]. Results are deposited in the Gene Expression Omnibus (GEO) with accession numbers GSE75692 and GSE 75433. Arrays were scanned using the BeadArray Reader (Illumina). Unmodified microarray data obtained from GenomeStudio was background-subtracted and quantile-normalized using the *lumi* package \[[@pone.0164407.ref045]\] and analyzed with the *limma* package \[[@pone.0164407.ref046]\] within R software \[[@pone.0164407.ref047]\]. T3-response was determined by comparing cells treated with T3 (100nM) for 24 hrs against their respective untreated controls, and differentiation related changes by comparing differentiated cells with hADSC samples. The effect of TRα and TRβ KD was determined by comparing the siRNA control to both KDs respectively. Analysis was corrected for multiple hypothesis testing \[[@pone.0164407.ref048]\], and effects were considered significant when ≥2-fold with an adjusted p-value ≤ 0.05. To facilitate comparisons among various datasets, all data was uploaded into a SQLite3 database (<http://www.sqlite.org/>). Transcription Factors and associated partners were identified among the significantly affected genes through comparison to AnimalTFDB 2.0 \[[@pone.0164407.ref049]\].

RT-qPCR {#sec007}
-------

Real-time qPCR was performed with the Roche LightCycler 480 RT PCR Instrument using SYBR Green Mastermix (Roche, Mannheim, Germany). Sequences of the primers are available upon request. Data were collected and analyzed using the comparative threshold cycle method with GUSB, B2M, β-actin and 18S rRNA as reference genes. Experiments were performed at least three times, mean ± SD was calculated and statistical analysis was performed using the Prism curve-fitting program (GraphPad Prism, version 6.01). Expression of nuclear receptors was assessed using The Human Nuclear Receptors & Coregulators RT^2^ Profiler^™^ PCR Array (Qiagen, Hilden, Germany). Relative gene expression values were analyzed using the Superarray web-based software package performing all ΔΔ*C*~t~-based fold-change calculations.

Transient Transfection {#sec008}
----------------------

Cells were seeded onto 48-well plates in MesenPRO RS medium (Invitrogen) at 1.2x10^4^ cells per well and transfected the following day with luciferase reporters containing two copies of each TRE (DR4, F2) and FLAG-tagged TR expression vectors (Clontech Laboratories, Inc., Mountain View, CA) by using Xfect (Clontech Laboratories, Inc.) according to the manufacturer\'s instructions. 6h after transfection, media was changed (MesenPRO RS) and cells were treated with appropriate hormone dilutions (100nM T3 or GC-1). Twelve hours later, cells were lysed and assayed for luciferase activity (Promega, Madison, WI).

Immunocytochemistry (ICC) and Fluorescence Imaging {#sec009}
--------------------------------------------------

ICC was performed on cells cultured in 4-well chamber slides (Nunc^™^ Lab-Tek^™^ II System, ThermoFisher Scientific, Carlsbad, CA). Cells were fixed with 4% PFA for 20 minutes, rinsed three times with PBS and then permeabilized in 0.1% triton dissolved in PBS for 10 minutes. Subsequently, cells were blocked for 30 minutes using 10% donkey serum in PBS.

For double immunostaining, we used TRα1 (1:100, PA1-211A, ThermoFischer Scientific), TRα2 (1:100, PA1-216, ThermoFischer Scientific), TRβ (1:250, sc-738, Santa Cruz, USA), COX IV, mitochondrial marker (1:100, ab14744, Abcam, UK) and calnexin, endoplasmic reticulum membrane marker (1:100, ab22595, Abcam, UK). All primary antibodies were diluted in PBS with 5% goat serum and applied directly into the chambers with cells. Antibodies used for double immunostaining were applied as a mixture with the exception of calnexin/TRα doublestaining which was sequential. Incubation was performed overnight at 4°C and then the antibodies were rinsed away three times in PBS with 1% bovine serum albumin. Cells were incubated with mixture of secondary antibodies Alexa Fluor 488 (1:400, A-11034, Life Technologies, Waltham, USA) and Alexa Fluor 633 (1:400, A-21052, Life Technologies) in PBS with 1% bovine serum albumin. After rinsing, the cells were labeled with nuclear stain Sytox Orange (1:1000, S11368; Life Technologies) for 5 minutes, washed two times in PBS and slides were then covered with Mowiol 488 and coverslip glass. Fluorescence imaging was performed on inverted Leica TCS SP5 II confocal microscope. Image analysis was performed in Leica LAS AF software. All images used for analysis were made on slide sets from two independent cell culture experiments with replicates.

Immunostaining for α-tubulin used mouse anti-α-Tubulin antibody conjugated with Alexa Fluor-488 (ThermoFisher Scientific) diluted 1:200 in PBS with 5% donkey serum and applied directly into the chambers with cells. Incubation was performed overnight at 4°C and then antibody was rinsed away three times in PBS with 1% bovine serum albumin. Additional labeling with DAPI (ThermoFisher Scientific) and Phalloidin-Alexa Fluor-647 conjugate (ThermoFisher Scientific---A22287, 5 U/ml) dissolved in 1% BSA in PBS took 20 minutes. Cells were rinsed at least 6 more times and slides were then covered with fluorescence mounting medium (DAKO, S3023) and coverslip glass. Fluorescence imaging was performed on inverted Zeiss LSM 710 confocal microscope with use of Zen 2010 software. Image analysis was performed in Zen 2010 and Imaris 8.1 software. All images used for analysis were made on slide sets from two independent cell culture experiments with replicates.

Cell size (cell surface area) and nuclear surface area were estimated from IF slides using Imaris 8.1 software. The non-parametric Kruskal-Wallis's test followed by Dunn\'s post hoc test was used to identify significant differences. Statistical significance was accepted at *p*\<0.05.

RNA Interference {#sec010}
----------------

ADSC were plated in MesenPRO RS^™^ Medium and grown to 50% confluency. Cells were transfected with either TRα or TRβ ON-TARGET plus SMART pool siRNA, which contains an equal mix of different 4 siRNAs directed against the same transcript (Dharmacon, Waltham, MA), at 50 nM final concentration according to manufacturer's protocol. Positive and negative non-targeting control siRNAs were also purchased from Dharmacon (Dharmacon). After two days, RNA was prepared for microarrays and qPCR. For 6-day experiments, cells were re-plated 48h and 96h after first siRNA transfection, and transfections were repeated in the same manner. To knock down particular TRα isoforms we used custom SMART pool ON-TARGET plus THRA1 or THRA2 siRNA (Dharmacon). Individual siRNAs were designated using the advanced Dharmacon tool (<http://dharmacon.gelifesciences.com/design-center>); 4 individual siRNAs with patented modifications to reduce off-targets were mix together to make a pool. All siRNA sequences are listed in [S1 Table](#pone.0164407.s015){ref-type="supplementary-material"}.

Phase-contrast Microscopy {#sec011}
-------------------------

Cells were grown on 12-well culture dishes (BD Biosciences, Franklin Lakes, NJ), washed three times with PBS and examined under Nikon Ti-E microscope equipped with Cool SNAP HQ2 and DS-Fi1 cameras. Representative images were taken at 4X, 10X and 20X magnification.

Western Blotting {#sec012}
----------------

Total hADSC protein was concentrated by lyophilization and separated with 4%--12% gradient Bis-Tris gels (Invitrogen). Proteins were transferred to PVDF membranes (Bio-Rad) and incubated with anti-TRα1 (ThermoFisher Scientific, Cat. No. PA1-211A) or anti-TRα2 (ThermoFisher Scientific, Cat. No. PA1-216) at a concentration of 1:1000. The Luminata Forte Western HRP Substrate (EMD Millipore, Billerica, MA) was used for protein detection.

Function Enrichment Analysis (GeneCodis) {#sec013}
----------------------------------------

We used GeneCodis analysis (<http://genecodis.dacya.ucm.es/>) to integrate differentially expressed genes to find groups of genes with similar biological meaning and identify enriched functional themes. GeneCodis is a function analysis tool for singular and modular enrichment analysis which integrates different information resources (GO, Panther pathways, SwissProt, etc.) \[[@pone.0164407.ref050]--[@pone.0164407.ref052]\]. Genes of interest, defined as at least 2-fold differentially expressed according to microarray analysis, were uploaded into the application as standard human gene symbols and genes in the interaction network with FDR \<0.05 were taken into consideration.

Ingenuity Pathway Analysis (IPA) {#sec014}
--------------------------------

For Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA), genes of interest, defined as those at least 2-fold differentially expressed, were uploaded and overlaid onto a global molecular network developed from the Ingenuity Pathways Knowledge Base (IPKB). The IPKB was searched to find sub-networks enriched in genes of interest. Significance for biological functions was assigned to each network by determining a *p*-value for the enrichment of the genes in the network for such functions compared with the whole IPKB as a reference set.

GeneMANIA {#sec015}
---------

We used GeneMANIA (<http://www.genemania.org>) to identify genes related to sets of input genes, identified as TRα or TRβ targets \[[@pone.0164407.ref053]--[@pone.0164407.ref055]\]. Genes used as input were differentially expressed genes underlying specific functional themes as identified by microarray, GeneCodis and IPA. The GeneMANIA algorithm comprises a linear-regression-based algorithm for calculating single, composite functional association networks from multiple networks derived from different proteomic or genomic data sources; and prediction of gene function. We focused the analysis only on high confidence physical interactions (from various protein interaction databases included in GeneMania) and pathway interactions (from Reactome pathway database). The resulting sub-network containing our query genes and additional related genes helps interpret mechanistic details of the functional themes we define.

Flow Cytometry {#sec016}
--------------

Cells were collected and fixed in 70% ethanol for at least 2 hours at -20°C. DNA was stained with DAPI (1 μg/ml) and cells analyzed on LSR II instrument with DIVA 8.0 software. Final analysis was performed with FlowJo 10.1 software.

Results {#sec017}
=======

Changes in TR Subtype Expression in hADSC Differentiation {#sec018}
---------------------------------------------------------

We analyzed TF expression in human (h) ADSC before and after their differentiation along the adipogenic, chondrogenic and osteogenic lineages ([Fig 1A--1D](#pone.0164407.g001){ref-type="fig"}). Microarray analysis revealed 1919, 1464 and 1309 genes display differential expression in hADSC versus each differentiated cell type and that 605 displayed common changes in all three lineages ([Fig 1E](#pone.0164407.g001){ref-type="fig"}). The latter group encompassed 51 transcription-related factors, including nuclear receptor (NR) COUP-TF1 ([Fig 1F](#pone.0164407.g001){ref-type="fig"}, [S2 Table](#pone.0164407.s016){ref-type="supplementary-material"}). We therefore assessed expression of all NRs during hADSC differentiation using more sensitive commercial PCR arrays ([S3 Table](#pone.0164407.s017){ref-type="supplementary-material"}). This approach revealed that TRβ1 and RXRα were also upregulated in hADSC-derived lineages; whereas retinoic acid receptor (RAR) γ was down-regulated. Independent qPCR validation confirmed that TRα transcripts were modestly upregulated in adipogenesis but unchanged in chondrocytes and osteoblasts and that TRβ1 and RXRα transcripts were upregulated in all three differentiated lineages ([Fig 2A and 2B](#pone.0164407.g002){ref-type="fig"}).

![Verification of hADSC differentiation along adipogenic, chondrogenic or osteogenic paths.\
(A) Image of hADSC. (B, C) qRT-PCR analysis showing decreased expression of stem cell markers (B) and emergence of specific differentiation markers (C). The error bars represent the SD. Asterisks show statistically significant changes (\*\*\*, *p* \< 0.001; \*\*, *p* \< 0.01; \*, *p* \< 0.05). (D) Stained images of cells confirming appropriate differentiation. Venn diagrams representing differential gene expression after adipogenesis, chondrogenesis and osteogenesis as revealed by microarray (E) and transcription factor (TF) analysis.](pone.0164407.g001){#pone.0164407.g001}

![TR subtype switching in hADSC differentiation.\
(A, B) Expression of TRs and RXRs assessed by qPCR. Data represented as mean ± SD. Statistical significance of the observed changes is denoted by asterisk. (*p* \< 0.01; \*, *p* \< 0.05). A = adipocytes; C = chondrocytes; O = osteoblasts.](pone.0164407.g002){#pone.0164407.g002}

Interestingly, hADSC expressed TRα1 and TRα2 transcripts ([S1 Fig](#pone.0164407.s001){ref-type="supplementary-material"}). Both TRα1 and TRα2 transcripts were coordinately upregulated during adipogenesis, similar to total TRα ([Fig 2](#pone.0164407.g002){ref-type="fig"}). However, TRα1 was selectively upregulated during differentiation to chondrocytes and osteocytes while there were no statistically significant changes in TRα2 expression ([S1A and S1B Fig](#pone.0164407.s001){ref-type="supplementary-material"}). The importance of these differential effects is unclear.

T3 does not Influence TR Target Gene Expression in hADSC {#sec019}
--------------------------------------------------------

To understand TR function in hADSC, we first assessed their capacity for T3 response. Unexpectedly, we failed to detect effects of T3 (100nM) on gene expression in parental hADSC using microarray analysis (data deposited in NCBI's Gene Expression Omnibus; GSE75433). Similar results were obtained in two independent pools of cells from six donors, suggesting that lack of T3 response is unrelated to donor/batch variability. To partially address the possibility that microarray analysis was not sensitive enough to detect T3 regulated genes in this cell background, we performed targeted qPCR analysis of known TR target genes that commonly respond to T3 in multiple cell types including hairless (HR) and Kruppel-Like Factor (KLF) 9 ((18,44): [S2A Fig](#pone.0164407.s002){ref-type="supplementary-material"}). Neither gene responded to T3 in parental hADSC but did respond to 100nM T3 in hADSC-derived adipocytes. We also verified that hADSC are capable of mounting responses to T3 (100nM) and the thyromimetic GC-1 at a dose that is saturating for both TRs (100nM) after transfection of TRs and TRE-reporters ([S2B Fig](#pone.0164407.s002){ref-type="supplementary-material"}). Thus, there is no general defect in TR signaling or hormone import to explain lack of T3 response in this cell type and it seems likely that the inability to respond to T3 is a property of endogenously expressed receptors.

Further exploration of T3 response in hADSC-derived adipocytes, chondrocytes and osteoblasts using microarray analysis revealed multiple T3 regulated genes in addition to HR and KLF9 ([S2C Fig](#pone.0164407.s002){ref-type="supplementary-material"}; genes listed in [S4](#pone.0164407.s018){ref-type="supplementary-material"}, [S5](#pone.0164407.s019){ref-type="supplementary-material"} and [S6](#pone.0164407.s020){ref-type="supplementary-material"} Tables). In adipocytes, T3 induced 10 genes and repressed more than 40, in chondrocytes 18 genes were upregulated and 19 downregulated and 59 were upregulated and 78 down regulated in osteocytes. T3-regulated genes included documented verified or possible TR target genes, including TP53I11 \[[@pone.0164407.ref018],[@pone.0164407.ref056]\], PPARGC1A \[[@pone.0164407.ref057]\] and APOE \[[@pone.0164407.ref058]\] in osteocytes and IGF1 \[[@pone.0164407.ref059]\] and DACT1 \[[@pone.0164407.ref044]\] in chondrocytes. There was little overlap between T3 targets in adipocytes, chondrocytes and osteocytes ([S2C Fig](#pone.0164407.s002){ref-type="supplementary-material"}) and the relatively small number of hormone-responsive genes means that we cannot readily predict effects of T3 on particular pathways and processes in each hADSC-derived lineage. The fact that T3 response emerges after hADSC differentiation nevertheless underscores the notion that there is no intrinsic genetic block to T3 action in parental hADSC. Further, the fact that increases in TRβ levels correlate with emergence of the capacity for T3 response raises the possibility that elevated TRβ levels could be one factor that permits TRs to act in canonical fashion in this cell type.

hADSC TRs are Predominantly Cytoplasmic {#sec020}
---------------------------------------

To understand lack of T3 response in hADSC, we used immunofluorescent (IF) labeling to determine whether we could detect TR protein and assess subcellular localization ([S3 Fig](#pone.0164407.s003){ref-type="supplementary-material"}). Double-IF labeling of either TRα1 (green, upper panels) or TRα2 (green, lower panels) along with TRβ (red) revealed detectable staining for all three forms of TR. Specificity of labeling was ensured in control experiments that omitted primary antibodies ([S4 Fig](#pone.0164407.s004){ref-type="supplementary-material"}). Remarkably, all TRs adopted primarily cytoplasmic immunolocalization. TRα1 displayed strong cytoplasmic localization, with some nuclear staining. TRα2 displayed weaker overall staining than TRα1, but nevertheless displayed a similar predominantly cytoplasmic distribution. TRβ staining was very weak, in accordance with low transcript levels, but appeared exclusively cytoplasmic. We were unable to detect colocalization of either form of TRα with TRβ (right panels).

Further assessment revealed TRα immunolocalization in cytoplasmic membranous subcompartments ([Fig 3](#pone.0164407.g003){ref-type="fig"}). Double immunostaining of TRα1 and TRα2 (green) with the mitochondrial marker COX IV (red) was consistent with a predominantly mitochondrial localization for TRα proteins ([Fig 3A](#pone.0164407.g003){ref-type="fig"}), as noted in other cell types (see \[[@pone.0164407.ref060]\]). We also observed TRα immunolocalization in cisternal structures at the cell periphery ([Fig 3B](#pone.0164407.g003){ref-type="fig"}, green arrows) and perinuclear area ([Fig 3B](#pone.0164407.g003){ref-type="fig"}, green arrowheads). We confirmed that this corresponded to endoplasmic reticulum (ER) with double immune labeling of TRα1 and TRα2 (green) with the ER marker calnexin (red) ([Fig 3C and 3D](#pone.0164407.g003){ref-type="fig"}). A magnified view of TRα1 and TRα2 colocalization with calnexin at the cell periphery and perinuclear region ([Fig 3D](#pone.0164407.g003){ref-type="fig"}, yellow arrows and yellow arrowheads respectively) also indicated that TRα1 and TRα2 were localized outside of endoplasmic reticulum ([Fig 3D](#pone.0164407.g003){ref-type="fig"}, green arrows).

![Subcellular partitioning of TRα1 and TRα2 in hADSC to mitochondria and endoplasmic reticulum.\
Confocal images of hADSC showing double immunostaining for TRα1 and TRα2 (green) with mitochondrial marker COX IV (red---A, B) or endoplasmic reticulum marker---calnexin (red---C, D). Magnified view of TRα1 and TRα2 localization in cisternal structures (endoplasmic reticulum) at the cell periphery (green arrows) and perinuclear region (green arrowheads) (B) and their colocalization with calnexin---(D---yellow arrows, yellow arrowheads). Green arrows on D) pointing to TRα1 and TRα2 localization outside of endoplasmic reticulum. Bar: A, B = 25 μm.](pone.0164407.g003){#pone.0164407.g003}

hADSC TRs are Active without Hormone and Exhibit Subtype-Specific Effects on Cell Morphology {#sec021}
--------------------------------------------------------------------------------------------

We used siRNA to learn whether hADSC TRs were active in the absence of exogenous hormone. Initial experiments utilized a verified commercially available pool of four highly specific siRNAs for each TR transcript, which allows us to use low concentrations of reagent and reduces the possibility of cross-reaction with unrelated mRNA species ([Materials and Methods](#sec002){ref-type="sec"}). Additionally, the siRNAs that we used are dual strand modified to favor antisense strand uptake and to destabilize off target activity and enhance target specificity \[[@pone.0164407.ref061]\]. Specific KD of total TRα was verified by qPCR ([S5A Fig](#pone.0164407.s005){ref-type="supplementary-material"}) and western analysis confirmed that levels of TRα1 and TRα2 immunoreactive species were diminished after TRα siRNA treatment ([S5B and S5C Fig](#pone.0164407.s005){ref-type="supplementary-material"}). Further, TRα1 IF was abolished after siRNA transfection and TRα2 immunofluorescence was markedly diminished ([S6](#pone.0164407.s006){ref-type="supplementary-material"} and [S7](#pone.0164407.s007){ref-type="supplementary-material"} Figs), parallel to effects of siRNA treatment in westerns. Likewise, TRβ transcripts were reduced after TRβ siRNA treatment ([S5A Fig](#pone.0164407.s005){ref-type="supplementary-material"}). Although we did detect TRβ protein by IF, we were unable to detect immunoreactive TRβ1 protein in hADSC by westerns, probably because TRβ1 antibodies are insufficiently sensitive to detect low levels of TRβ by western \[[@pone.0164407.ref062]\]. However, we did observe complete abolition of TRβ IF signal after TRβ siRNA treatment ([S6](#pone.0164407.s006){ref-type="supplementary-material"} and [S7](#pone.0164407.s007){ref-type="supplementary-material"} Figs).

Remarkably, TR KD resulted in striking changes in cell morphology, which were highly TR subtype specific ([Fig 4](#pone.0164407.g004){ref-type="fig"}). While control cells retained their characteristic long, thin spindle-shaped fibroblastic morphology, TRα KD resulted in rounding and detachment of cells (Figs [4](#pone.0164407.g004){ref-type="fig"} and [5](#pone.0164407.g005){ref-type="fig"}). By contrast, TRβ KD resulted in the appearance of rhomboidal and stellate cells. Joint TRα/TRβ KD revealed that the TRα KD phenotype is dominant. We have performed KDs of many other TFs in hADSC (manuscript in preparation), including other NRs that displayed differential regulation during hADSC differentiation pathways, Ets translocation variant (ETV) 5, multiple Kruppel-like Factors (KLFs), the corepressor SIN3A and others. We have not observed comparable morphological changes in any of these cases.

![Effects of TR silencing on hADSC.\
hADSC were repeatedly treated with siTRα or/and siTRβ over 6 days. Cells were examined with Nikon Ti-E microscope (magnification 4x).](pone.0164407.g004){#pone.0164407.g004}

![TR silencing alters hADSC morphology.\
Confocal images of hADSC (A, a-IF), siTRα (B, b-IF) and siTRβ (C, c-IF) showing immunostaining for actin (red), α-tubulin (green) and DAPI DNA counterstaining. Panels on right represent details from the left images examined at confocal (IF) and phase-contrast (PC) microscopes. Mitosis-yellow arrows; mitotic cell rounding/mitotic arrest (green arrows); apoptotic cell (pink arrows); binuclear cell (blue arrow); lipid droplets (violet arrow); actin (red arrowheads); tubulin alpha (green arrowheads). Bar: A, B, C = 50 μm.](pone.0164407.g005){#pone.0164407.g005}

We further analyzed appearance of TR KD cells using confocal microscopy with IF labelling of actin (red), tubulin-α (green) and DAPI DNA counterstaining ([Fig 5](#pone.0164407.g005){ref-type="fig"}, [S8A Fig](#pone.0164407.s008){ref-type="supplementary-material"}) and also counted cells in different phases of the cell cycle and determined total nuclear and cell surface area ([Table 1](#pone.0164407.t001){ref-type="table"}, [S8B and S8C Fig](#pone.0164407.s008){ref-type="supplementary-material"}). Whereas control hADSC displayed normal mitosis ([Fig 5A](#pone.0164407.g005){ref-type="fig"}, [S8A Fig](#pone.0164407.s008){ref-type="supplementary-material"}, yellow arrows), TRα KD cells variously displayed signs of arrested mitosis, including rounding with lack of obvious chromosomes and mitotic spindle ([Fig 5B](#pone.0164407.g005){ref-type="fig"}, green arrow), and apoptosis ([Fig 5B](#pone.0164407.g005){ref-type="fig"}, pink arrow). We also detected (\>16%) binuclear cells ([Fig 5B](#pone.0164407.g005){ref-type="fig"}, [S8A Fig](#pone.0164407.s008){ref-type="supplementary-material"}, blue arrows; [Table 1](#pone.0164407.t001){ref-type="table"}) and a reduction in total cell and nuclear size ([S8B and S8C Fig](#pone.0164407.s008){ref-type="supplementary-material"}). In contrast, TRβ KD cells displayed similar mitotic index (MI) to control hADSC and showed increases in cell and nuclear size ([Fig 5](#pone.0164407.g005){ref-type="fig"}, [S8 Fig](#pone.0164407.s008){ref-type="supplementary-material"}; [Table 1](#pone.0164407.t001){ref-type="table"}). TR KD also led to a more organized cytoskeletal network with dense actin fibers at cell edges ([Fig 5C](#pone.0164407.g005){ref-type="fig"}, red arrowheads), distinct from control hADSC which maintain typical mesenchymal actin fiber organization throughout the cell ([Fig 5A](#pone.0164407.g005){ref-type="fig"}, red arrowheads). We also observed changes in cytoskeletal content; TR KD promoted formation of a tubulin based cytoskeleton ([Fig 5](#pone.0164407.g005){ref-type="fig"}, green arrowheads). Finally, we found examples of TRβ KD cells with prominent lipid droplet accumulation, a hallmark of adipogenesis ([Fig 5C](#pone.0164407.g005){ref-type="fig"}, purple arrowheads).

10.1371/journal.pone.0164407.t001

###### Effects of TR silencing on cell division.

Mitotic index, the percentage of mitosis stage and binuclear cells were counted in Zen 2010.

![](pone.0164407.t001){#pone.0164407.t001g}

               Cells in interphase (%)   Mitotic index (%)   Mitotic cells in prometaphase/metaphase (%)   Mitotic cells in anaphase/telophase (%)   Binuclear cells (%)
  ------------ ------------------------- ------------------- --------------------------------------------- ----------------------------------------- ---------------------
  **siCtrl**   93.01                     6.9                 42.1                                          57.9                                      0
  **siTRα**    81.53                     0                   0                                             0                                         16.79
  **siTRβ**    91.3                      8.2                 46.7                                          53.3                                      0.54

TRα and TRβ Regulate Distinct hADSC Gene Sets {#sec022}
---------------------------------------------

To understand gene expression changes associated with TR KD-dependent changes in cell appearance, we performed microarray analysis two days after TR siRNA treatment of hADSC, before prominent morphological changes fully emerge (see [Fig 4](#pone.0164407.g004){ref-type="fig"}). We detected large numbers of TR regulated genes ([Fig 6A](#pone.0164407.g006){ref-type="fig"}). TRα KD resulted in ≥2-fold expression change of 598 genes, with 345 upregulated (58%) and 253 downregulated (42%). TRβ KD resulted in 295 changes, with \>70% of genes upregulated. Remarkably, only 133 genes were commonly regulated; a level of overlap that is similar to TRs and completely unrelated TFs, such as ETV5 ([S9 Fig](#pone.0164407.s009){ref-type="supplementary-material"}).

![Unliganded TRα and TRβ regulate distinct genes in hADSC.\
(A) Differential gene regulation in hADSC cells after TRα and TRβ KD. (B-G) Effects of TRα and TRβ KD at representative target genes. All data are represented as mean ± SD. \*\*\*, *p* \< 0.001; \*\*, *p* \< 0.01; \*, *p* \< 0.05.](pone.0164407.g006){#pone.0164407.g006}

Some putative hADSC TR target genes respond similarly to TRs in other cell lines. For example, unliganded TRα also suppressed JARID2 and E2F2 expression and both TRs suppressed FOSL1 expression in HepG2 \[[@pone.0164407.ref018],[@pone.0164407.ref020],[@pone.0164407.ref056]\]. Despite the inability of these genes to respond to T3 in hADSC, they were T3-inducible in HepG2 and another cell line, C17.2 cerebellum cells \[[@pone.0164407.ref018]--[@pone.0164407.ref020]\]. Additional documented TR and T3 target genes that responded to TR KD in hADSC included ANGPTL4, SLC16A6, ITGA2, CITED4, BATF3, FNDC5 \[[@pone.0164407.ref018],[@pone.0164407.ref062]\].

We confirmed specificity of response to TR KD by qRT-PCR ([Fig 6](#pone.0164407.g006){ref-type="fig"}, [S10 Fig](#pone.0164407.s010){ref-type="supplementary-material"}). Genes that were selectively de-repressed by TRα KD included TFs involved in cell cycle regulation such as E2F2 and the aforementioned JARID2, cyclin E2 (CCNE2), which plays a role in G1/S transition and HIST1H2BD and other histones ([Fig 6B](#pone.0164407.g006){ref-type="fig"}, [S10A--S10D Fig](#pone.0164407.s010){ref-type="supplementary-material"}). Genes repressed by TRα KD ([Fig 6C](#pone.0164407.g006){ref-type="fig"}, [S10E--S10G Fig](#pone.0164407.s010){ref-type="supplementary-material"}) included the TF STAT3, the erk kinase MAPK3 and myosin light chain kinase MYLK. TRβ KD ([Fig 6D and 6E](#pone.0164407.g006){ref-type="fig"}; [S10H--S10J Fig](#pone.0164407.s010){ref-type="supplementary-material"}) also led to specific induction of multiple genes, including lipid storage genes (FABP4, CIDEA and SOAT2) and osteopontin (SPP1), and repression of the chemotactic factor CXCL12 ([Fig 6E](#pone.0164407.g006){ref-type="fig"}). Some genes that were commonly regulated by TRα and TRβ KD displayed similar responses to TRs (GLI1, [S10K Fig](#pone.0164407.s010){ref-type="supplementary-material"}), but many were oppositely regulated, including antiproliferative and proapoptotic p53 inducible protein TP53INP1, isoprenylcysteine carboxyl methyltransferase (ICMT) and matrix metallopeptidase 9 (MMP9) ([Fig 6F and 6G](#pone.0164407.g006){ref-type="fig"}; [S10L Fig](#pone.0164407.s010){ref-type="supplementary-material"}). Thus, TRα and TRβ regulate distinct gene sets in the absence of hormone in this cell background.

We verified that some observed TRα siRNA pool-specific effects on gene expression were consequences of TR KD. We obtained three individual siRNA from the TRα-specific smartpool and determined that each one reduced TRα transcript levels. Examination of effects of these siRNA on selected TRα specific genes confirmed similar effects in all three cases at the NEK2 and ICMT genes and in two of three cases with a strong trend towards significance in the other case at the TP53INP1 and STAT3 genes ([S11 Fig](#pone.0164407.s011){ref-type="supplementary-material"}). Thus, it is unlikely that these TRα-dependent effects are related to off-target interactions of siRNA.

TRα Regulates hADSC Cell Cycle {#sec023}
------------------------------

Investigation of TR-regulated gene function revealed that TRs influence distinct hADSC processes and pathways. GeneCodis analysis revealed that both TRs were involved in cell-cell signaling, signal transduction and other processes ([Table 2](#pone.0164407.t002){ref-type="table"}, [S7 Table](#pone.0164407.s021){ref-type="supplementary-material"}) but mostly regulate different genes within these categories ([S7 Table](#pone.0164407.s021){ref-type="supplementary-material"}). TRα also influences mitosis, cell division, chromosome segregation and other cell cycle associated processes ([Table 2](#pone.0164407.t002){ref-type="table"}, highlighted). TRβ KD did not affect specific TRα-independent processes.

10.1371/journal.pone.0164407.t002

###### TR mediated processes.

Canonical processes obtained from GeneCodis using SlimProcess database. Gene co-occurence annotation found by Genecodis for the genes differentially expressed (FC \> 2, *P* \< 0.05 corrected for multiple testing) between siCtrl versus siTR hADSC samples. *P*-values have been obtained through hypergeometric analysis (Hyp) corrected by FDR method (Hyp\*). Microarray data have been deposited in NCBI's Gene Expression Omnibus; accession number GSE75692.

![](pone.0164407.t002){#pone.0164407.t002g}

  NGR                          NG   Hyp           Hyp\*         Annotations   
  ---------------------------- ---- ------------- ------------- ------------- -----------------------------------------------
  **TRα mediated processes**                                                  
  242                          21   1.33E-10      4.92E-09      GO:0007267    cell-cell signaling (BP)
  1176                         43   8.31E-08      1.54E-06      GO:0007165    signal transduction (BP)
  187                          13   5.37E-06      6.62E-05      GO:0007067    mitosis (BP)
  286                          16   7.59E-06      7.02E-05      GO:0051301    cell division (BP)
  312                          16   2.22E-05      0.000164529   GO:0008283    cell proliferation (BP)
  59                           7    2.78E-05      0.000171288   GO:0007059    chromosome segregation (BP)
  630                          23   9.16E-05      0.000483971   GO:0055085    transmembrane transport (BP)
  155                          10   0.000120636   0.000495946   GO:0006950    response to stress (BP)
  34                           5    0.000141915   0.000525084   GO:0040007    growth (BP)
  556                          21   0.000114994   0.000531848   GO:0007155    cell adhesion (BP)
  200                          11   0.000229267   0.000771169   GO:0034641    cell nitrogen compound metabolic process (BP)
  435                          17   0.000341011   0.00105145    GO:0007049    cell cycle (BP)
  73                           6    0.000788391   0.00224388    GO:0030198    extracellular matrix organization (BP)
  519                          17   0.00232029    0.0061322     GO:0030154    cell differentiation (BP)
  150                          7    0.00753011    0.0185743     GO:0006464    protein modification process (BP)
  128                          6    0.0126971     0.029362      GO:0009790    embryo development (BP)
  **TRβ mediated processes**                                                  
  242                          12   4.09E-05      1.19E-05      GO:0007267    cell-cell signaling (BP)
  556                          16   6.87E-06      9.96E-05      GO:0007155    cell adhesion (BP)
  1176                         22   0.000112179   0.00108439    GO:0007165    signal transduction (BP)
  312                          10   0.000156698   0.00113606    GO:0008283    cell proliferation (BP)
  519                          13   0.000199073   0.00115462    GO:0030154    cell differentiation (BP)
  128                          6    0.000464644   0.00224578    GO:0009790    embryo development (BP)
  630                          11   0.00953599    0.0307271     GO:0055085    transmembrane transport (BP)

NGR = Number of annotated genes in the reference list; NG = Number of annotated genes in the input list; Hyp = Hypergeometric pValue; Hyp\* = Corrected hypergeometric pValue

Ingenuity Pathway Analysis (IPA) confirmed that TRα target genes associate with cell cycle-related functional themes and also revealed involvement in all phases and phase checkpoints ([Table 3](#pone.0164407.t003){ref-type="table"}). By contrast, TRβ was only involved in cell cycle progression, S phase and entry into S-phase. Even within these functional themes, TRβ regulated mostly different genes from TRα ([S8 Table](#pone.0164407.s022){ref-type="supplementary-material"}). The vast majority of these TRα responsive genes are de-repressed after KD ([S8 Table](#pone.0164407.s022){ref-type="supplementary-material"} red), implying that TRα plays an important role in suppressing genes involved in hADSC cell division.

10.1371/journal.pone.0164407.t003

###### Functional categorization of TR target genes in hADSC.

Pathway enrichment determination using Ingenuity pathway analysis identify enriched cell cycle-related functional themes. The number of genes and statistical values are shown for each TRα and TRβ knockdown in hADSC. Microarray data have been deposited in NCBI\'s Gene Expression Omnibus (GEO); accession number GSE75692.
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                                                                                      TRα   TRβ              
  ------------------------ ---------------------------------------------------------- ----- ----------- ---- ----------
  Cell cycle progression   Cell cycle progression                                     68    0.0000001   35   0.000132
  S phase                  S phase                                                    23    0.0000029   14   0.000045
  S phase                  Entry into S phase                                         14    0.0000388   10   0.000036
  Cell cycle progression   re-entry into cell cycle progression of tumor cell lines   3     0.000318         
  M phase                  M phase                                                    20    0.0000205        
  M phase                  arrest in M phase                                          8     0.0000372        
  mitosis                  mitosis                                                    37    0.0000014        
  mitosis                  arrest in mitosis                                          9     0.000549         
  interphase               arrest in interphase                                       32    0.0000017        
  interphase               interphase                                                 42    0.000017         
  G1 phase                 arrest in G1 phase                                         21    0.0000173        
  G1 phase                 G1 phase                                                   26    0.000189         
  cyokinesis               cytokinesis                                                15    0.000239         
  prometaphase             arrest in prometaphase                                     5     0.0000266        
  senescence               senescence of cells                                        19    0.0000511        
  replication              replication of bone marrow cells                           3     0.000162         
  formation                formation of mitotic spindle                               8     0.000342         
  premature senescence     premature senescence of fibroblasts                        4     0.00035          
  endoreduplication        endoreduplication                                          4     0.000468         

We used GeneMania analysis to highlight relationships of TRα targets associated with specific functional themes defined by IPA (see [Fig 7](#pone.0164407.g007){ref-type="fig"} and additional examples in [S12 Fig](#pone.0164407.s012){ref-type="supplementary-material"}). For example, analysis of a network generated with eight TRα regulated genes involved in mitotic spindle formation ([Fig 7A](#pone.0164407.g007){ref-type="fig"}, black circles) revealed additional TRα regulated genes linked to the network (dark red). Further, independent qRT-PCR analysis of network genes identified yet more TRα repressed targets not detected by the microarray (SPC24, SPC25) ([Fig 7B](#pone.0164407.g007){ref-type="fig"}). Both SPC proteins interact with TRα-repressed genes NUF2 and NDC80 to form the NDC80 complex, which is essential for kinetochore/microtubule attachment during cell division. Thus, TRα KD coordinately regulates multiple genes involved in mitotic spindle apparatus, including three members of a crucial kinetochore complex.

![TRα involvement in regulation of formation of mitotic spindle in hADSC.\
A) Network of interactions among TRα targets involved in mitotic spindle formation, as retrieved by the GeneMania. Circles represent genes and connecting lines represent interactions between genes. GeneMania retrieved known and predicted interactions between these genes and added extra genes that are strongly connected to query genes. (B): qPCR verification of genes identified by GeneMania as part of TRα regulated network. All data are represented as mean ± SD. \*\*, *p* \< 0.01; \*, *p* \< 0.05.](pone.0164407.g007){#pone.0164407.g007}

Since TRα KD represses multiple genes with roles in many stages of the cell cycle ([Table 3](#pone.0164407.t003){ref-type="table"}, [Fig 8A](#pone.0164407.g008){ref-type="fig"}, [S8 Table](#pone.0164407.s022){ref-type="supplementary-material"}), we assessed effects of TRα KD on cell cycle phases by using DAPI stained cells for flow cytometry based DNA content assessment ([Fig 8B and 8C](#pone.0164407.g008){ref-type="fig"}). While control hADSC cells display normal distributions of cells in G0/G1, S and G2/M ([Fig 8B and 8C](#pone.0164407.g008){ref-type="fig"}), TRα KD increased numbers of cells in G2/M and reduced numbers of cells in G0/G1 ([Fig 8B and 8C](#pone.0164407.g008){ref-type="fig"}). Thus, TRα KD induces G2/M cell cycle arrest, consistent with reduced MI after TRα KD ([Table 1](#pone.0164407.t001){ref-type="table"}).

![TRα regulates hADSC cell cycle.\
(A) Schematic of TRα involvement in regulation of cell cycle. (B) Histograms of DNA content in siCtrl and siTRα cells after 6 days siRNA treatment. Inserts: representative images of DAPI stained siCtrl and siTRα hADSC. (C) Stacked columns of cell fractions for each cell-cycle stage (G~0~/G~1~, S and G~2~/M).](pone.0164407.g008){#pone.0164407.g008}

TRα1 and TRα2 Regulate Distinct hADSC Genes {#sec024}
-------------------------------------------

We considered the possibility that TRα-dependent and ligand independent effects on gene expression were mediated by the non-hormone binding TRα2 splice variant. We devised specific siRNA for TRα1 and TRα2 ([Materials and Methods](#sec002){ref-type="sec"}) and verified that TRα1 specific siRNA reduced total TRα mRNA and also selectively reduced TRα1 without affecting TRα2 transcripts ([Fig 9A](#pone.0164407.g009){ref-type="fig"}). Likewise, TRα2 specific siRNA reduced total TRα levels and selectively reduced TRα2 without affecting TRα1. We detected TRα1 and TRα2-specific changes in TRα target genes after short (2 day) siRNA treatment ([Fig 9B, 9C and 9D](#pone.0164407.g009){ref-type="fig"}). One group of transcripts responded selectively to TRα1 KD ([Fig 9B](#pone.0164407.g009){ref-type="fig"}). These included CCNE2, E2F2 and NEK2 which were upregulated by total TRα and TRα1 specific KD and unaffected by TRα2 KD. Another group of genes (including EGR2 and DCP2) responded to total TRα KD and TRα2, but were unaffected by TRα1 specific KD ([Fig 9C](#pone.0164407.g009){ref-type="fig"}). Finally, some genes responded to total TRα KD, displayed no response to TRα1 KD and were only weakly affected by TRα2 KD, including MMP9 and JUP ([Fig 9D](#pone.0164407.g009){ref-type="fig"}). Thus, KD of TRα1 and TRα2 leads to distinct changes in gene expression, both forms of TRα display selective effects on some genes and both may be required for optimal regulation of others.

![TRα1 and TRα2 KD influences distinct genes in hADSC.\
(A) Results of qRT-PCR transcript analysis of TRα and TRα1 and TRα2 splice variants after specific siRNA treatment. (B-D) Effects of TRα splice variant KD on TR target genes, B TRα1 specific, C, TRα2 specific, D, genes that require optimal levels of TRα1 and TRα2.](pone.0164407.g009){#pone.0164407.g009}

Discussion {#sec025}
==========

We began this study with non-biased transcript analysis to search for genes with potential roles in hADSC multipotency or differentiation processes. Our studies revealed that TRα transcripts predominate in hADSC and that both TRα1 and TRα2 are present. By contrast, TRβ1 is expressed at low levels and upregulated during hADSC differentiation. Despite the presence of TRα and TRβ proteins, responses of standard TRE-dependent reporters to T3 after TR transfection and emergence of T3 regulated genes in hADSC-derived differentiated cells, no T3 responses were seen in the parental hADSC. Further investigation revealed that TRs were predominantly extranuclear and siRNA-based KD revealed that both TRs influence hADSC morphology, gene expression and cell division in the absence of hormone. Thus, we propose that extranuclear TRs regulate hADSC biology via processes that involve non-canonical hormone-independent pathways. We have not found analogous examples of other cell types in which TRs do not respond to T3 in the literature, but TH responses are selectively suppressed in hepatocytes in fatty liver without obvious changes in components of the TR signaling machinery \[[@pone.0164407.ref063]\].

While TRα and TRβ exert similar effects on gene expression in homologous cell types \[[@pone.0164407.ref018]--[@pone.0164407.ref020],[@pone.0164407.ref064]\], TRα and TRβ KD led to striking and unique changes in hADSC appearance. TRα KD dependent changes are consistent with disturbed cell cycle progression and G2/M arrest and were accompanied by widespread TRα KD-dependent deregulation (predominantly de-repression) of cell cycle genes. For example, TRα regulates mitotic spindle by repressing components of inner and outer kinetochore \[[@pone.0164407.ref065]\] as well as proteins involved in kinetochore-microtubule attachment and centrosome duplication and maturation \[[@pone.0164407.ref066]\] (Figs [7](#pone.0164407.g007){ref-type="fig"} and [8](#pone.0164407.g008){ref-type="fig"}, [Table 3](#pone.0164407.t003){ref-type="table"}). TRα KD also induced histones, usually only transcribed in S-phase \[[@pone.0164407.ref067]\] (Figs [7](#pone.0164407.g007){ref-type="fig"} and [8](#pone.0164407.g008){ref-type="fig"}, [Table 3](#pone.0164407.t003){ref-type="table"}). By contrast, TRβ KD led to changes in cell shape, increases in cell and nuclear size, actin fiber reorganization, a switch to a tubulin based cytoskeletal network, implicated in adult stem cell differentiation \[[@pone.0164407.ref068],[@pone.0164407.ref069]\], examples of cells with lipid droplet accumulation and induction of genes associated with differentiation (CIDEA, FABP4, osteopontin; [Fig 5](#pone.0164407.g005){ref-type="fig"}, [S8 Fig](#pone.0164407.s008){ref-type="supplementary-material"}). Thus, TRα plays a crucial permissive role in hADSC cell division processes whereas TRβ1 may be involved in suppression of certain aspects of differentiation. Interestingly, the Privalsky group and our own group previously identified subsets of TR target genes that do not respond to hormone in HepG2 and HeLa cells \[[@pone.0164407.ref018],[@pone.0164407.ref019]\]. This gene set, unlike other TR target genes, also displays high degrees of subtype-specificity (see Table 1 in reference \[[@pone.0164407.ref016]\]). Thus, mechanisms that lead to TR hormone-independent activity may be associated with subtype selectivity.

We think that striking TR subtype selectivity in hADSC emerge from unique TRα and TRβ-dependent effects upon distinct non-genomic pathways \[[@pone.0164407.ref038],[@pone.0164407.ref039]\] which, in turn, may be linked to distinct TR locations within the cytoplasm. Both major TRα splice variants colocalize with mitochondria in hADSC, as documented in cardiomyocytes \[[@pone.0164407.ref033]\], and, to a lesser extent, with ER. TRβ appears evenly distributed through the cytoplasm and does not co-localize with TRα to any appreciable degree. It will be interesting to determine whether TRα-specific effects on hADSC are related to disruption of TRα interactions with mitochondria, well known to influence cell cycle and apoptosis \[[@pone.0164407.ref060]\].

We cannot eliminate the possibility that some TR activities are related to canonical effects of low levels of nuclear TR on gene expression and, in fact, favor the explanation that concerted effects of TRs in the cytoplasm and nucleus may account for some TR effects on gene expression \[[@pone.0164407.ref034]\]. We found examples of hADSC TR subtype specific target genes associated with known TR binding sites \[[@pone.0164407.ref020],[@pone.0164407.ref056]\]; for example, the TRα-specific JARID2 and E2F2 genes are associated with TRα-specific binding sites whereas the TRα/TRβ regulated FOSL1 locus contains binding sites for both TRs ([S13 Fig](#pone.0164407.s013){ref-type="supplementary-material"}) \[[@pone.0164407.ref020],[@pone.0164407.ref056]\]. Since TRs regulate hADSC genes that encode key regulatory proteins, including the TRα-specific E2F2, involved in stem cell self-renewal \[[@pone.0164407.ref070]\], and STAT3, required for ESC pluripotent state \[[@pone.0164407.ref071]\], it is possible that TR subtype-specific changes in small numbers of regulatory proteins could lead to amplified effects on hADSC transcriptional networks.

Why do TRs act in hormone-independent manner in hADSC? The hADSC growth medium does not contain obvious sources of TH-like ligands. While hADSC could produce endogenous TR ligands, we think that it is likelier that TRs do not respond to hormone in this cell type and that unliganded TRs are active. As mentioned, the JARID2, E2F2 and FosL1 genes are repressed by the same TR subtypes in hADSC and HepG2 cells in the absence of hormone \[[@pone.0164407.ref020],[@pone.0164407.ref056]\] but nevertheless respond to T3 in HepG2 and in C17.2 cells. This suggests that these genes are similarly regulated by unliganded TRs but unable to respond to T3 in hADSC.

We considered the possibility that the non-hormone binding TRα2 splice variant mediates ligand-independent TR activities. TRα1/TRα2 specific KD indeed revealed target genes that do respond selectively to TRα2 KD ([Fig 9](#pone.0164407.g009){ref-type="fig"}). To our knowledge, this is the first time that TRα2 has been shown to exert effects on gene expression that are distinct from its weak inhibitory effects on liganded TRα1 and TRβ1 \[[@pone.0164407.ref031]\]. There are analogies between TRα2 and a structurally similar estrogen receptor (ER) β splice variant, termed ERβ2 or ERβcx \[[@pone.0164407.ref072],[@pone.0164407.ref073]\] which was originally thought to work solely by inhibition of ERα \[[@pone.0164407.ref074]\] but recently also shown to independently regulate large numbers of genes in prostate cancer cells \[[@pone.0164407.ref075],[@pone.0164407.ref076]\]. Our results, however, also reveal that TRα1 and TRβ1 also regulate hADSC genes in ligand-independent fashion in this cell type and we have confirmed that TRα2 KD does not restore the capacity for T3 response at TR targets, such as KLF9, in hADSC ([S14 Fig](#pone.0164407.s014){ref-type="supplementary-material"}). Thus, we think that it is unlikely that the presence of active TRα2 accounts for all ligand-independent TR actions in hADSC.

We think that it is likely that lack of ligand response is related to the predominantly cytoplasmic localization of TRs in this cell type and, therefore, to factors that promote extranuclear TR actions. Studies to dissect TR actions in hADSC will be difficult; previous studies of non-genomic TR actions have relied on ligands to manipulate TR activity \[[@pone.0164407.ref034]\] and this approach does not seem feasible in hADSC. There are indications that TRs acquire the capacity to regulate genes in canonical T3-responsive fashion during hADSC differentiation and it may be fruitful to consider roles of gene products that predominate in parental hADSC and TRs. If TRs do prove to regulate some hADSC target genes directly, it may be interesting to consider whether an unusual spectrum of TR interacting proteins is important in ligand-independent activity; TRα1 binds cofactors with roles in cell cycle in a T3-independent fashion \[[@pone.0164407.ref077]\]. Alternatively, post-translational TR modifications such as SUMOylation, which changes TR-T3 response in a subtype specific manner and is important in preadipocyte differentiation \[[@pone.0164407.ref078]\], could be important.

Unliganded TRα may also be active in other undifferentiated cell types. TRs are expressed and functional in ESC/iPSC and we detected a switch from TRα to TRβ during ESC/iPSC differentiation along the hepatocyte lineage *in vitro* \[[@pone.0164407.ref044]\]. Unliganded TRα is also important in preadipocyte differentiation and myoblast proliferation and differentiation \[[@pone.0164407.ref079],[@pone.0164407.ref080]\] and early stages of Xenopus metamorphosis \[[@pone.0164407.ref023],[@pone.0164407.ref025],[@pone.0164407.ref026]\]. It will be interesting to ask if these effects also involve actions of predominantly cytoplasmic TRα.

Finally, hADSC display potential uses in regenerative therapies \[[@pone.0164407.ref031],[@pone.0164407.ref040],[@pone.0164407.ref041],[@pone.0164407.ref081]\]. It is therefore important to understand how TRs act in this cell context and whether manipulation of hADSC TR activities could have medically useful applications. The fact that TRs display ligand-independent actions in hADSC in culture leads us to suspect that TRs may display similar activities in adult stem cells *in vivo* and it will be interesting to determine whether TRα acts in hormone-independent fashion in ADSC pools in animals or humans.

Supporting Information {#sec026}
======================

###### Expression of TRα1 and TRα2 during differentiation of hADSC.

Expression of TRα1 **(A)** and TRα2 **(B)** during adipogenesis (*A*), chondrogenesis (*C*) and osteogenesis (*O*) was assessed by qPCR.

(TIF)

###### 

Click here for additional data file.

###### Absence of T3 response in hADSC.

**(A)** Results of qRT-PCR transcript analysis of HR and KLF9 in hADSC and hADSC-derived adipocytes after treatment with vehicle control or 100nM T3 in DMSO. **(B)** Panel shows results of luciferase assays performed on extracts of hADSC that were transfected with reporters containing two copies of each TRE (DR4, F2) and FLAG-tagged TR expression vectors and treated with T3 (100nM) or GC-1 (100nM) for 18h. **(C)** Microarray analysis of gene regulation in cell lineages after T3 treatment (100nM). Microarray data are deposited in the Gene Expression Omnibus; accession number GSE75433.

(TIF)

###### 

Click here for additional data file.

###### Subcellular localization of TRα1, TRα2 and TRβ in hADSC.

Double-immunofluorescence analysis of TRα1 or TRα2, respectively (green), and TRβ (red): presence, distribution and colocalization. Bar: = 50μm.

(TIF)

###### 

Click here for additional data file.

###### Negative control for [S3 Fig](#pone.0164407.s003){ref-type="supplementary-material"}.

The specificity of immunofluorescence was tested by the omission of primary antibodies (**A**). Overlay A and nuclear staining (**B**). Bar: = 100μm.

(TIF)

###### 

Click here for additional data file.

###### Efficient knockdown of TR subtypes in hADSC.

**(A)** Panels show TR transcript levels after hADSC were transfected with TRα and/or TRβ siRNA at 50 nM final concentration and **(B, C)** TRα1 or TRα2 protein levels assessed by Western blot. We note that TRα2 migrates at a position that is suggestive of higher molecular weight (60KD) than predicted from its primary sequence (50KD), but also note that species of similar size have been noted in previous characterization by western blot, see information in ThermoFisher Scientific catalog.

(TIF)

###### 

Click here for additional data file.

###### Effects of TR silencing on immunofluorescence signals.

A\) Double immunofluorescence analysis of TRα1 or TRα2, respectively (green), and TRβ (red) in siCtrl HADSC: presence, distribution and colocalization; B) After knockdown of TRα1 and TRβ in HADSC, signal is absent, while in TRα2 KD cells signal is reduced. Bar: = 50μm.

(TIF)

###### 

Click here for additional data file.

###### Negative control for siRNA knockdown control in [S6 Fig](#pone.0164407.s006){ref-type="supplementary-material"}.

The specificity of immunofluorescence was tested by the omission of primary antibodies. Bar: = 50μm.

(TIF)

###### 

Click here for additional data file.

###### Differential effects of TR silencing on cell division.

Confocal images of hADSC (A): Ctrl, siTRα and siTRβ showing immunostaining for tubulin α (green) and DNA (nuclei and chromosomes) counterstained with DAPI. Numerous mitosis (yellow arrows) were seen in Ctrl and siTRβ. Binuclear cell (blue arrows). Bars: 50 μm. Image analysis was performed in Zen 2010/ Las AF Lite and Imaris 8.1 software for distribution of nuclear surface area in (B) and cell size (cell surface area) in (C). \*compared to control, \*\*\*p≤0.001; \# siTRα vs. siTRβ, \#\#\# p≤0.001.

(TIF)

###### 

Click here for additional data file.

###### Overlaps between effects of TR knockdown compared to knockdown of an unrelated TF.

Venn diagram of genes regulated by TRα, TRβ or ETV5. Diagrams represent the number of genes regulated after TRα, TRβ or ETV5 knockdown. Microarray data are deposited in the Gene Expression Omnibus (GEO); accession number GSE75692.

(TIF)

###### 

Click here for additional data file.

###### TRα and TRβ regulate distinct target genes in hADSC.

qPCR verification of TRα and/or TRβ target genes as identified by microarray analysis.

(TIF)

###### 

Click here for additional data file.

###### Knockdown of TRα in hADSC.

Transcript levels of TRα, NEK2, TP53INP1, STAT3 and ICMT after hADSC were transfected with three different On-TARGET Plus TRα siRNAs at 50 nM final concentration.

(TIF)

###### 

Click here for additional data file.

###### TRα involvement in regulation of different aspects of cell cycle regulation in hADSC.

Network of interactions among TRα targets involved in endoreduplication (A) and arrest in mitosis (B), as retrieved by GeneMania. Analysis of network generated with TRα regulated genes involved in these processes (large black circles) revealed genes that are strongly connected to query genes including additional TRα regulated genes (red).

(TIF)

###### 

Click here for additional data file.

###### Representation of selected TR hADSC target genes that contain verified TR binding regions.

TRα (red bar), TRβ (blue bar) and RXR (grey bar) binding sites located 30K bp upstream to 10K bp downstream of Fosl1, Jarid2 and E2f2, as determined by Chatonnet et al. (17) in mouse neural cells (geodataset series GSE38347). TRα, TRβ and RXR peak bed files were downloaded directly from geodatasets GSM940399, GSM940400, and GSM940401, respectively, and uploaded into the UCSC Genome Browser for viewing and image export.

(TIF)

###### 

Click here for additional data file.

###### TRα2 knockdown does not result in the induction of T3-responsive gene KLF9.

qPCR confirms 50nM siRNA knockdown of TRα2 (A) in hADSCs treated with either DMSO or T3 and shows that KLF9 expression (B) is not significantly changed in either of these conditions.

(TIF)

###### 

Click here for additional data file.

###### On-TARGET Plus TR siRNA sequences.

(DOCX)

###### 

Click here for additional data file.

###### Transcription Factors and associated partners were identified among the significantly affected genes through comparison to AnimalTFDB 2.0.

(DOCX)

###### 

Click here for additional data file.

###### Change in mRNA expression of NRs after hADSC differentiation.

In the Nuclear receptors and coregulators PCR array, fold expression differences between hADSC and differentiated cells were analyzed through the SA Biosciences Web page. All experiments were run in triplicates.

(DOCX)

###### 

Click here for additional data file.

###### Microarray analysis of gene regulation in adipocytes after T3 treatment.

Microarray data are deposited in the Gene Expression Omnibus; accession number GSE75433.

(DOCX)

###### 

Click here for additional data file.

###### Microarray analysis of gene regulation in chondrocytes after T3 treatment.

Microarray data are deposited in the Gene Expression Omnibus; accession number GSE75433.

(DOCX)

###### 

Click here for additional data file.

###### Microarray analysis of gene regulation in osteocytes after T3 treatment.

Microarray data are deposited in the Gene Expression Omnibus; accession number GSE75433.

(DOCX)

###### 

Click here for additional data file.

###### Differentially expressed genes in the TRα and TRβ-mediated processes obtained from GeneCodis using SlimProcess database ([Table 2](#pone.0164407.t002){ref-type="table"}).

(DOCX)

###### 

Click here for additional data file.

###### List of the differentially expressed genes after TRα or TRβ knockdown in the enriched cell cycle-related functional themes (IPA) in hADSC ([Table 3](#pone.0164407.t003){ref-type="table"}).

(DOCX)

###### 

Click here for additional data file.
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